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PREFACE

This reporst was prepared by the Military Products department
of Texas Instruments Incorporated, Dallas, Texas, under Air Force
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the technical direction of Walter M. Shedd, RADC/ESR, Electronic
Systems Division, Air Force Systems Command, USAF., Hanscom
AFB, Massachusetts.

R&D Status Report Nos. | through 7 cover work performed
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Design Manager; and Mr. C. C. Shen, Device Processing. Silicon
Materials  department  (SMD)  key personnel in the material
improvement phase are Mr. Lee Jones, Advanced Products
Engineering Progrum Manager; Dr. John Robinson, Manager
Development Engineering: and Mr. Mike Miller, Product Engineer.




SUMMARY

In the production of the 2-inch diameter PEDIC material, there were no obstacles encountered
that were beyond the control of current processing procedures, At the first polish step, the anticipated
dish was present, but its magnitude did not preclude the required level of single crystal thickness
control. Slice bow decreased that control, but the amount of bow encountered on 2-inch material
falls within routine process capabilities.

Forty-six PEDIC waters were used to fabricate the quad 2-input NAND gate (MPD11269),
which verified that the process has production capability. Twenty fully tested devices were delivered
in addition to 25 basic PEDIC waters.

A comparison of the modified PEDIC process with the standard single and double poly processes
is shown in Table 1. The advantage of epi thickness control and surface quality of the PEDIC
process over the standard single poly process allows ¢ much improved radiation tolerant process to
be used to fabricate integrated circuits. A 2X improvement in gamma dot threshold is estimated,
as well as a 10X improvement in neutron tolerance if a shallow base ion implanted transistor process
were used.

In order to realize the maximum gain from applying the PEDIC process for improved single
crystal thickness control in DI material, the process must be extended to 3-inch material. The
greater degree of bow and nonuniform deposition across the larger slice will require additional
development, but the increased control to peripheral surface of the larger diameter would justify
the effort.

Table 1. Die Process Comparison

Single Double Modified

Factor Poly Poly PEDIC
{nn*) Layer Thickness +0.15 mil +0.2 mil +0.15 mit
Surface to n* Thickness +0.2 mil +0.05 mil +0.02 mil
Slice Bow 1.5 mils {2-3) mils .2 mils
Usable Area 70 % 50 % 80 %
Up-Diffusion Uncontroiled Significant Insignificant
Surface Quality {Min, Junction Depth) 1.4 um 0.25 um 0.25 um
Matzerial Lead Time 1X 1.6X 0.8X
Material Cost 1X 2.5X 1.6X
Final Bar Cost 1X 24X 0.6X

Usefu) Circuit Designs 80 % 100 % 100 %
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SECTION |
INTRODUCTION

The objective of this program is to develop a dielectrically isolated integrated circuit process
suitable for the tfabrication of ‘radiation hardened integrated circuits, The process provides a
substrate consisting of layers of n silicon (collector) on nt silicon (buried coliector) on silicon
dioxide (insulator) on  polysilicon  (mechanical supporty. These layers require thickness and
resistivities appropriate for the fabrication of bipolar digital integrated circuits. [n addition, the
process yields a substrate (wafer) which is not dependent on the particular integrated circuit to be
fabricated. Final isolation occurs at the sturt of specitic circuit processing.

This program investigates and compares present hipolar dielectrically isolated processes. This
comparison considers the uniformity of device pocket depth and resistivity across the water, the
degree of water bowing, usable wafer arca for device processing, and surface quality of the wafer,

As a result of this investigation, an improved process for the fabrication of diclectrically isolated
substrates that offers improvements in control for collector depth and out-diffusion of the buried
layer has been defined. The usable arca of the wafer is an improvement over present processes. The
level at which it is economically teasible to stundardize the DI wateris determined. and the possibility
of extending the bipolar DI technology to large-scale integration is evaluated.

The improved diclectric isolation process is evaluated for improvement in the nuclear radiation
hardness of circuits tabricated in the substrate. Tolerance to neutron radiation and upset caused by

trunsient ionizing radiation s considered.

Test lots of diclectrically isolated substrates verify the process that can be used for the
subsequent production of integrated circuits.

The quad 2-input NAND gate integrated circuit is used as a test vehicle, and is fabricated in the

dielectrically isolated substrate to demonstrate that [Cs can be huilt in these substrates.




SECTION 11
TECHNICAL DISCUSSION

A. PRESENT DI PROCESSES

DI processes may be divided into two methods: (1) precision grind, lap. and polish. and
(2) double poly. Each method has its own advantages and disadvantages as related to device
performance and to problems ot substrate fubrication. The materials have been primarily 1100]
and [1171] orientation Si, with carly work using [111] because of its common use at that time.
Current work uses primarily [100]. The preterence for [100]) is due to a combination of the
fourtold symmetry ot the [100] system and the fast orientation-dependent (OD) ctehing in the
[100] direction, which provides built-in process control.

1. Single Poly Process

The precision grind, lap, and polish process (sometimes reterred to s single poly) with an
nt buried layer to reduce collector saturation resistance is shown in Figure 1. An oxide is grown on
the substrate, whose resistivity is determined by the desired collector resistivity, and windows
opened by conventional photolithography. These windows allow the isolation moats to be etched,
usually with an orientation-dependent etch that attacks the silicon in the [100] direction as much
as 100 times faster than in the [ 111] direction. Thus, the cross section of an etched groove will
appear triangular, as shown in Figure 1, if the mask is aligned on the slice so that the grooves are
parallel with the traces of the [100] system in silicon. Adjacent sides of a rectangular mask can be
aligned with the traces ot [1 11] planes on the {100] surface so that square or rectangular arrays of
grooves can be etched. Due to the large difference in et rate in the [100] versus { 1] directions,
when the etch reaches the [HTT] plane intersecting the | 100} surtace at the edge of the mask, the
etch rate becomes less than 0.03 pm/min and tor practical purposes. etching stops.* Since the
[111) planes intersect the [100] surface at a fixed angle (54.74 degrees), the width of the oxide
opening determines the depth ot the OD (isolation) etch moat. After the isolation moats are etehed,
an nt diffusion or a heavily doped epitaxial film may be deposited across the entire surface. A
thermal oxide is then grown across the top of the water. This oxide becomes the isolation between the
single crystal and a polycrystalline silicon layer that is added next. The thickness of this layer is
approximately equal to the thickness of the original slice. in general 15 to 20 mils. The polycrystalline
silicon deposition can be made in a conventional epitaxial reactor using a sificon halide-hydrogen
reduction process. For example, 10-mole-percent (m-/) SitICI3 in hydrogen at 1150°C gives a
deposition rate of about 10 um ot polycrystallme «iticon per minute. After the polycrystalline
silicon is deposited. the poly surface is ground on a Blanchard or similar tvpe surface grinder to
re-establish parallelism between the top of the slice (polverystalline silicon) and the bottom (original

————
T he elfective mask undercuttimge and the measored cteh rate at this pomi are o stroog function of haw carefully the mask s shyned
to (LD traces,
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single ervstal sihiconsubstratey ot thestice Should deposimion conditions be such that o poly ery stalline

lip s present on the single onvstal side, the Lipo st fiest be remosed 1o sllow the shice 1o seat wel!
on the grinder chuck. The shice s then inverted and the onginal substrate is ground back far enough
to revead the solation onide 1 the deepest thichness indicators twhich may be the seribe Tinesy and
the single ervstal nlands ot silicon. and then pohshed. After polish, the slice is ready for conventional
device processing except that the isolation dittusion steps are climinated. In the process described.
an nt surface collector contact is provided by the epi or dittused nt tilm. 1V o buried laver of nt
material is desired that does not contact the top surface, the epi or dittusion may be performed
prior to step (b in the process. In that case, the isolation moats are etehed through the buried Taver.
thus Teaving it across the bottom of the final isolated tank. The precision grind and polish process is
fuirly simple compured to other processes but the final surtace is mechanically polished and the
uniformity ot the n-layer thickness across the slice is determined by how nearly parallel the final
surtace is tafter Lip and polish)y with the original one.

2. Double Poly Process

Fizure 2 shows the somewhal more comphoated donble poly process. To anderstand this
process, skip to step ¢d)in the Nigure and neglect tor the moment the erind indicators mentioned m
steps (B and (o) An n-epi film, the thickness and resistivity determined by the collector parameters
of the device or circuit to be fabricited, v deposited over the nt substrate. An SiO Lnyver called the
separation  oxide is grown or reactor deposited across the epiosurface. Next. o temporan
polvervstalline silicon laver is grown over the oxide. The shice is inverted and ground and polished
back to a thickness equal to that of the opi layer plus a suitable amount of nt. At this point a
problem arises. Unless great care s taken in keeping track ot reterence surtaces and the amount of
material removed, there 1s no way of knowing when to stop lapping. To assist in this, the thickness
indicator grooves shown in steps (by and (o) of Figure 2 are used * When the grinder or polisher cuts
through to these grooves and they become visible, the operator cian stop grinding or polishing. There
will normally be a series of grooves of increasing depth to assist i more accurate control. Assuming
no mask undercutting, the depth ¢dy of an indicator groove is given by

d=(W M tan 0

where Wois the width of the mask opening and @ i the angle the appropriate 111 plane makes
with the surface §54.7 degrees for a ¢ 100y surtaced . Ty pically osixcto crght depths will he used inan
array. and the array will be placed in fhve positions over the slice Tor double poly process or in each
circuit bar tfor single polv processing.

Oxide is thermally grown or deposited across the surtace The oxide is opened for isolation
moats as in the single poly process. However, in this case. the moat depth will not be determined by
the oxide opening, but by the distance to the separation oxide, An isolation oxtde s then thermally
grown or vapor deposited. A second polysilicon deposition is made over the isolation oxide. The
slice is then inverted and the tirst poly silicon layer is ground, polished, and or chemically etehed
back to the original ept film surface which is protected by the separation oxide. As can be seenin

[ he same problem abso oceras i simgle polvand thicknessindicators are osed
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Figure 2. the resulting structare is a dielectrically solated epitasial film above an nt buried laver.
This process is used in cases where very exact controf of the collector thickness is required. 1 is long
andd costly but provides o good surtace tor the tabrication of shallow devices since they are formed
1 an epitaxiat film that has not been subjected to mechanical or wet chemical processing,

B. STATEMENT OF PROBLEM

Dictectnie isolation has been utilized tor over o decade to provide electrical isolation between
components during radiation exposure. The single poly DI structure s presentiy utilized for over
90 percent of all DI designs, and has moved quite tar down the learning curve. However, there are
several problems inherent with the single poly process itself. First, there is the question of pocket
thickness control specifically, control of the n layer thickness to the n* buried luyer. Second. the
surface quality on chemical-mechanical polished surtaces is poor even with an additional HCt
cliemical etch. Third, the turnaround time js excessively long tor new DI mask changes.

The first problem was solved by double poly material to some extent since an epi layer of well
controlled thickness is utilized. However, the overall surface to nt distance may vary considerably
because of nt up-dittusion during the second high-temperature polysiticon deposition. Better control
is required on both the n laver and the total not pocket thickness for switching characteristics
as well as radiation response.

The second problem was partially solved by using a chemical eteh prior to first oxidation
totlowed by a stress reliet process consisting of a first oxidation: a high-temperature anneal which
activates deep dislocations; a stress relief OR which gives dislocation pin sites: and a second oxidation
which mobilizes the surtace detects so that they migrate fo the corners of the stress relief pattern
where they are pinned away from active junctions. The surface quality is adequate for many
applications, but MSI devices with junctions of less than 1.4 gm in depth run low yields. However,
double poly solved this problem with a polish-free surface, which allows 0.25-um junction devices
to be readily fabricuted.

The third problem is inherent to the carly dedication of a DI isolation mask to a given substrate.

The double poly material is even worse.

The effort described by this program 1o solve the preceding problems demonstrates the post-
epitaxial dielectrically isofated circuit (PEDIC)Y. first described by Motorola, which has been modified
to meet broader water processing constraints which witl be required for wider usage by various
semicomdictor vendors.

C. THE POST-EPITAXIAL DIELECTRICALLY ISOLATED CIRCUIT PROCESS

The PEDIC structure begins with o Czochralski grown <100 (+0.5 degree) antimony substrate
with an n-type resistivity ot 0.008 to 0.020 ohm-cm. Thickness is controlled to 21 1 mil. The most
critical substrate parameters are bow and taper: these are controlled within 0.3 mil,

Initial oxidation, as shown in Figure 3(a) is accomplished in o Thermeo Brute American XL
furnace. The oxidation ambient issteam at 1100°C 10 a thickness of 10,000 +500A. Oxide thickness
monitoring is accomplished using & Nanometrics Microarea Film Thickness Gauge. Fine control of
the initial oxidation thickness will minimize crrors in depth indicator width variations due to oxide
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thickness variations, with o resultant Hiner control of the final OD etehed depths, Oxide patterning
is done using conventional photolithographic and oxide ctching techniques in a Class 100 VEE
cleanroom environment. Depth indicators are defined as in Figure 3(b), using a potassium hydroxide
selective OD eteh with resulting V-channels bounded by (111 planes. Channel reterence depths of
0.6 20,1 mil is targeted in five locations on cachr substrate (Figure 4.

Figure 4. Depth Indicator Location on Wafer

Subsequent to the depth indicator definition, a uniform isolation oxide is grown over the
complete substrate, using the previously discussed oxidation conditions. This isolation oxidation is
followed by a 1200°C perchlorocthylene gettering process to remove oxidation-induced stacking
faults and dislocation loops. This procedure minimizes device leakage currents associated with
oxidation induced material defects.

The initial polysilicon deposition is made, as shown in Figure 3(c). to a controlled thickness
of 20 #+2 mils. Substrate warpage is reduced by thermally cyeling the polysilicon reactor with
optimized time rates of temperature change.

The polysiticon final thickness definition is done using standard planar grinding techniques.
The nt layer thickness is defined using an identical planar grinding procedure coupled with precision
lapping and polishing. The single array Strasbaugh polishing technique, developed under the AFML
contract (to improve standard DD is applied to achicve £0.1-mil control of the nt layer thickness,
as shown in Figure 3(¢).

Any residual damage from the chemical-mechanical polishing is removed during the epitaxial

deposition process by a predeposition HCU vapor eteh. The epituxy process is done using a
dichlorosilane process in an Applied Materials Model 7000 epitaxy reactor. Reactor temperature
is 1090° £5°C, and the reactor design assumes a slip-free epitaxial layer. The epitaxial film is
6.3 £0.4 um thick and 0 3 £0.03 ohm-cm resistivity, The oxidation for storage and/or final device
patterning is 1.0 20.05 gm thick. und processed identic Gily to the previous oxidation steps, as is
shown in Figure 3(h),
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The result of material processing to this point is a finely controlled sihcon non n? substrate.
which controls not only the thickness ol the epitanal Liver, but the total ant tub, depth. The
tightly controlled n layer allows tor better controb of deviee electrical parameters and o well
established value tor Rey. The tight control on the o't lay er thichkness improves the total control of
collector resistance and on photocurrent peneration volumes. Fhe combinanon results in o siemiticant
improvement in both design capability and radiation hurdness repeatabilits - In addition, the epitasy
surface has not been mechanically damaged by polishing, and should. theretore. be comparable to
double poly surtuces, which atlow the fubrication of uttrshallow ion implanted transistor structures
(<X 0.4 um deep hases) which have demonstrated orders of mugnitade inereases in radiation tolerancee.

Up to this point in materials processing. the substrate is independent ot the DE or bar lavout
design since no device patterns have been imcorporated into the structure, This allows tor a ready
supply of epitaxial substrates tor DEapphcations which cuts oft 60 percent of the required materials
fabrication time before conmitment to a specitic device design geometry is required. This allows for
quicker turnaround on new designs as well as o lower substrate cost once o number of critical
epitaxial resistivity /thickness ranges have been estublished tor volume production. The processing
at this point is also sutficient for farger substrate tabrication (3-inch DI 100 mm. eteo at hetter
yicld capability than presently available.

Final device and circuit definition is initiated by patterning the isolation level and selectively
ctching the nnt material, Figure S€a). using a potassium hydroxide OD etchant as previously
described. I a wraparound at collector should be required. a short deposition evele could be added
at this point. The MNX design utifized in this activity does not require such an exotic process. When
the single crystal islands have been etehed. the DI process may be finatized by applving cither o
composite Si02/Si;Nyg passivation scheme oran SiOs passivation lay er. Fach has its device fabrication
process flow requirements. The SiO; Tayer was selected tor this activity . because the fater processing
sequences had demonstrated that thermal stress induced cracking of SisNyg layers caused by the
“parrot’s beak™ effect. Other waler fabrication process flows, such as the all-implanted transistor
process flows, could utilize the S1O2/Si:Ny structure to great advantage. Figure Seby shows the
modificd PEFDIC structure with a diclectric layer providing the sidewall isolation. The SiOs layer is
1.0 £0.05 um whercas the SiOa/SialNy composite would require 0.12 20,02 gm thickness achicved
through the reaction of ammonia with dichlorosilane. The nitride layer properties are 1.92 to 2.05
index of refraction with an ctch rate of 7 to 13 A'min in 32°C buftered HIE.

The final steps betore deviee tabrication are polysilicon fill and shape back. The polysilicon fill
process. as shown in Figure 5(0), is a low-temperature process which minimizes slice warpage and
nt, up-diftusion. Deposition rates of 0.54 pm/min are achievable at 900°C. The total reaction time
is approximately S0 min. The precision grinding and polishing advances attained under the APMI
contract are utilized for the final polysiticon shape back. Figure 5(dy shows the final PEDIC structure
before device fabrication.

10
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D. TEST CIRCUIT FABRICATION

The MPDI126Y. a quad 2-input NAND gate integrated circuit (Figure 6) developed for the
MX AGS program. was used as a test vehicle to demonstrate tabrication feasibility on the modified
PEDIC substrate. The process is low power Schottky and identical to the standard flow used on the
single poly version. The process tlow is shown in Figure 7. No changes were made to the photomask
tooling except for the wolation due to the tront side isolation requirement of the PEDIC process.

Fleven PEDIC waters were processed out of the front end and into multiprobe. Both ac and
de testing were performed at 25 °C and 1257°C The overall yield was S22 A major vield loss
occurred due to ctched channels along the isolution oxide. This occurred because single poly
isolation design tolerance Gsolation to stress reliet O.R. separation) was not compatible with the
front side PEDIC wsolation. A normally  allowable misalignment caused the stress reliet O.R.
detinitton to be exposed along the isolation oxide. At oxide removal, the isolation oxide was etehed
below the surface, causing a channel effect (see Figure 8). This is casily rectitied by allowing more
separation between isolation and O.R. definitions,

A test summary of the PEDIC structured 2-input NAND gate circuit with comparison data to
standard DY is shown in Table 2. Evaluation of the processed PEDIC lot indicated transistor gain
(Hy3) was on the low side. The minimum transistor gain process goal is 60. Transistor gains for the
PEDIC lot were around 40,
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INCOMING MATERIAL: (100) n-DOPED 0.25-0.35 ohm-cm
nt As-DOPED <15 ohm/sq

QA VISUAL INSPECTION

OXIDATION: 1100°C 6.8KA, ANNEAL 1250°C

STRESS RELIEF O.R.

2ND OXIDATION: 11000°C 6.8KA

nt O.R.

nt: (POCI3) 2.5 ohm/sq, 6.82 um, DEP 1000°C, DRIVE 1250°C
BASE O.R.

BASE: {8N) 150 ohm/sq, 1.7 um, DEP 960°C, DRIVE 1150°C
EMITTER O.R.

EMITTER: (POCI3) 8 ohm/sq, 1.35 um, DEP AND DRIVE 1000°C (NO STEAM)
RESISTOR O.R.

RESISTOR IMPLANT: (B11) 1000 ohm/sq, TCR = 2000 ppm
RESISTOR DRIVE: 1050°C

CONTACT O.R.

QA VISUAL INSPECTION

O.R. PROBE: Hgg = 60 —120, BVcex >12V

PtSi

TiW

Al

QA THICKNESS VERIFICATION

LEADS ETCH

SAMPLE PROBE

LOW TEMPERATURE Si3N4

QA THICKNESS VERIFICATION

SisNg ETCH

QA VISUAL INSPECTION

BACKGRIND

BACKSIDE Au

MULTIPROBE

TO ASSEMBLY :
Figure 7. Process Flow (MPD11269)
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Table 2. Test Summary of 2-Input NAND Gate (MPD11269)

Figure 8.

Eiched Channel in Isolation Ovnide

PEDIC Structured Vs Standard DA

25°C 125°C
Parameters X Std. Dev. X Std. Dev. Units
VOoH PEDIC 297 0007 294 003 \"
SOt 3.03 0.04 294 0.10 \'
VoL PEDIC 0.235 0.005 0.209 0.004 v
SD.. 0.230 0.006 0207 0.008 Vv
VoLs PEDIC 0.149 0.002 0.109 0.007 v
SD.t 0.157 0.004 Q112 0.006 v
Vic PEDIC 1.07 0019 101 002 \%
SOt 0.981 0019 099 0018 v
U1zl Pt EIC 0 003 0 T o uA
SDI 0 0.1% 0 0 MA
" PEDIC 0 320 0.010 071 0010 mA
S.Da. 02,1 0.013 0219 0011 mA
los PEDIC 323 09 308 0.7 mA
S.DI 36.8 47 344 4 0% mA
tCCH PEDIC 1.48 0.0% +1.41 019 mA
S.D.. 115 0.8 0 936 0111 mA
ICCL PEDIC 6.43 0.18 B/ 0.17 mA
SD.I. 620 0.346 436 0N mA
TepHL PEDIC 13.5 027 133 044 ny
SoDit 11.3 0.69 128 073 ns
Tepl H PEDIC 7.55 0.12 ’9 013 ns
S.D) 535 0.28 16 0.53 ns
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